Normal and Abnormal Consequences of Apoptosis in the Human Heart
From Postnatal Morphogenesis to Paroxysmal Arrhythmias Thomas N. James, MD H omeostasis in the human body requires not only a balance in physiological and biochemical processes but also a balance for morphological phenomena such as hypertrophy, involution, and atrophy. That this morphological balance necessarily and normally requires cell death was first emphasized by Glucksmann1 over 40 years ago and again by Saunders2 soon after that, both reports dealing especially with ontogeny and morphogenesis. Until relatively recently, however, cell death has almost universally been considered synonymous with necrosis, and necrosis was generally regarded as an abnormal or pathological condition. A complete revision of this misleading concept has now been forced by the novel description of a second form of cell death designated as apoptosis.
The term apoptosis was introduced to describe cell death that occurs in a seemingly stochastic fashion and poetically thought to resemble dead leaves falling from a tree in autumn. 3 Although the word has been resisted by some who consider it a phenomenon not significantly different from programmed cell death ("cell suicide"), the distinctive morphological differences between necrosis and apoptosis4-14 make the new word necessary. Growing acceptance of "apoptosis" by scientific, medical, and pharmaceutical investigators attests to the wisdom of its use.
In addition to the numbers of cells destroyed, there are other important differences between necrosis and apoptosis. In necrosis the cells swell and soon disintegrate, thereby evoking an inflammatory response. Apoptotic cells do not swell but actually shrink, and they exhibit extensive intracellular degeneration while the cell usually remains intact until quickly engulfed by local macrophages or even neighboring cells of like identity, with characteristic avoidance of inflammation. In necrosis the mitochondria swell and degenerate soon after onset, whereas the mitochondria are conspicuously spared early in apoptosis. The nucleus of cells undergoing necrosis exhibits generalized clumping of its chro-matin, but in apoptosis there is a distinctive early disintegration of the nucleolus, after which the entire nucleus undergoes a typical form of cleavage into two or more pieces quickly surrounded by lysosomal membranes. There are still other distinguishing morphological (and biochemical or molecular) characteristics of apoptosis and necrosis, but it is now clear that these are two quite different forms of cell death.
The importance of apoptosis in the understanding of morphogenesis,1-315"16 of growth and regression of primary and metastatic tumors,17-23 of hormonal regulation of cell function,24'25 and the mediation of immunological responses26-32 is now widely appreciated by investigators in these and other fields. Surprisingly, to my best knowledge there has been no published recognition of apoptosis in the human heart.
Earlier suggestions that myocardial cell death is a normal part of the postnatal morphogenesis of the atrioventricular (AV) node and His bundle33 met harsh criticism and dognatic insistence that cell death was not a normal phenomenon. 34, 35 Criticism of this nature persists even now. 36 With the emerging broader recognition of at least two different forms of cell death (apoptosis and necrosis) and available examples that apoptotic cell death can be either a normal and beneficial or an abnormal and harmful event, it is time to reexamine this matter as it applies to the heart.
Postnatal Morphogenesis of the Human Heart
In addition to the strong resistance against the concept that cell death could be normal, too few realize that much of the normal morphogenesis of the human heart begins after birth. In the human fetus the cardiac conduction system is generally well formed within the first few weeks of gestational life. Teleologically, this should be so in order for the electrical activity of the fetal heart to be reasonably stable and effective. However, the sinus node, AV node, and His bundle undergo remarkable morphological transformation beginning about 1 or 2 weeks after birth, and this timing is true whether the birth is full term or premature.33'37 Why the postnatal morphogenesis does not begin during embryonic development and why it begins at such a specific time after birth is not known. The Sinus Node One of the clearest distinguishing features of the histological appearance of the normal adult human sinus node38 is the interweaving meshwork of special- ized cells embedded in a dense collagen framework ( Fig  1) . The human sinus node is also organized around a disproportionately large central artery that virtually never terminates in the node but passes through it as if en route to some other destination. Actually, the human sinus node artery is not only the largest atrial coronary branch and thus supplies a major portion of the myocardium of both atria,39 but because of extensive normal anastomoses, it also functions as a major route of collateral circulation that connects the left circumflex and right coronary arteries.Y0 By contrast to the adult sinus node, that of the fetus and neonate is composed principally of primitive-appearing myocytes that are dispersed in a very sparse collagen framework (Fig 2A) . During the striking but gradual transformation that regularly occurs in the first decade or two of life, the myocytes of the human sinus node change from a pale round fetal appearance, with sparse myofibrils and few mitochondria or other organelles, into either of two different cells found in adult sinus nodes. These are the small round or ovoid P cells, which organize into small clusters connected by slender elongated transitional cells, which form most of the interweaving fibers in the node4' ( Fig 2B) . Concomitant with this cellular "maturing" process, the adult sinus node gradually accumulates a more dense collagen framework that is responsible for its distinctive histological appearance. Why does this happen and how is it regulated?
The P cells of the sinus node4' regularly exhibit spontaneous and enduringly stable rhythmic depolariza-tion42 characteristic of cardiac myocytes which behave as centers of normal automaticity. However, there is a large number of such cells in both the sinus node3841 and, although less predominantly, the AV junctional region between the AV node and His bundle.4344 P cell clusters tend to be in the central portion of the sinus node near its characteristic artery. The P cell clusters are connected by interweaving transitional cells, which also serve as the sole link between the sinus node and extranodal working or specialized myocytes. Such a histological organization lends itself to better integration of multiple but separate pacemaking foci. It also allows the optimal distribution of the sinus impulse out of the node to the atria and through them, via three preferential pathways,45 to the AV node for distribution through the His bundle and its branches to the right and left ventricular myocardium. It seems likely that this morphogenetic transformation is to make the sinus node a more stable and efficient performer as the primary pacemaking center for the adult heart.
There are several possible mechanisms by which this remarkable morphogenetic transformation may occur. The extracellular matrix is a prime influence in the differentiation of cells within many organs. 46 That may also be true in the sinus node and could readily account for the progressive reorganization of nodal myocytes from an original sheetlike array (in histological cross section) of fetal P cells into the adult appearance of a basket-like weave of nodal cells organized in a beautiful geometric design (Fig 1) . However, if the myocytes are only passive participants in a collagen-dominated reorganization, why do the P cells form in small clusters, remaining little changed from the fetal cells, whereas other cells mature differently and organize as linear strands of myofibril-rich slender fibers?
An alternative explanation for the final geometric design of the adult human sinus node is that certain nodal myocytes have been programmed genetically for selective deletion. What may superficially seem to represent a stochastic process could actually be an intricately controlled and almost mathematically spaced elimination of surplus cells. This would permit "fibrosis" to proceed as a secondary or passive phenomenon or at least not in this instance a determining one relative to differentiation of P cells. It should be added that these same P cells (ultimately to become centers of automaticity) may undergo some physiological or biochemical maturation that is not at present apparent morphologically. But the fibroblasts and the collagen they produce may have a more important influence for differentiation of some of the original P cells into the adult form of transitional cells. That apoptosis does occur in the human sinus node has very recently been demonstrated with electron microscopic examination of sinus nodes surgically excised from human hearts47 as part of a novel treatment in Russia for victims of the long QT syndrome who had had documented near-lethal arrhythmias.48 This will be discussed later.
The AV Node and His Bundle
Like the fetal and newborn sinus node, the fetal and newborn AV node of the human heart also contains many P cells. However, in the neonatal AV node numerous transitional cells are already recognizable (Fig 3) . In contrast to the sinus node, the AV node does In an adjacent section of this same fetal heart (B) a cluster of P cells (P) connect directly to the myocytes at the crest of the interventricular septum, three junctional sites marked with arrows. not regularly contain a large central artery either in fetal or adult hearts. The adult AV node ( Fig 4A) is composed mainly of transitional cells and only scattered small clusters of P cells, which are aggregated primarily in the lower part of the AV node near its junction with the His bundle.43"44
Because they exhibit such an overall surplus of cells, Keith49 described the fetal AV node and His bundle as enormous. What begins in the first week or two of postnatal life is a normal morphogenetic pruning away of this surplus tissue (Figs 3 through 6), a process which I have previously designated as molding and shaping of the AV node and His bundle.3337 Again teleologically, one may surmise that this postnatal morphogenesis has several valuable purposes. First, it transforms a previously shaggy and irregularly outlined fetal AV node and His bundle into the smoothly delineated node and tubular His bundle of the adult heart (Fig 4) , rendering both more safe as electrical conduits for the sinus impulse. Second and simultaneously, this transforming morphogenesis eliminates loop short-circuits of nodal tissue distributed in the adjacent central fibrous body (Fig 3) , removing potential routes of abnormal reentry that could otherwise cause reciprocating tachycardias.
The molding and shaping also eliminates other pockets of nodal tissue in the central fibrous body ( Fig 3B) that do not form loop connections but which could serve as eccentric sites of abnormal automaticity such as parasystole.50,51
When I first described this postnatal transformation of the AV node and His bundle some years ago,33 it was part of an investigation of the subject of crib death with colleagues in the United Kingdom. The "resorptive degeneration," as I termed it, and the absence of any inflammation associated with it, was present in all the neonatal and infant hearts in the study, both those in the crib death and the control group, leading me to suggest that these examples of cell death were a normal postnatal morphogenetic process33,37 and probably essential for the eventual optimal electrical safety of these vital components of the conduction system. At the same time, cell death could hardly be termed necessarily safe even if it was a ubiquitous event of human development. This is especially true when one considers that the structures involved are at most one or a few millimeters in maximal dimensions. Thus, it may be expected that by chance alone there will sometimes be a coincidence between the episodic death of a few cells in the conduction system and the occurrence of a mild viral infection or even periods of coughing or vomiting (strong vagal response), which could accidentally combine to unstabilize cardiac electrical activity and at times cause sudden death in these vulnerable infants. Criticisms of the concept centered on the conventional reluctance to accept cell death as normal. [34] [35] [36] In discussions of the postnatal morphogenesis of the human AV node and His bundle, I was attracted to the possible role of fibroblasts and collagen in the central fibrous body and their morphogenetic influence on the process of seemingly selective deletion of certain myocytes. In view of newer evidence about the influence by extracellular matrix on the differentiation of cells,46 there is a possibility that the molding and shaping process is to some degree governed by the local fibroblasts and collagen. This possibility is made even more likely by the additional demonstration that extracellular matrix in interdigital webs, the elimination of which is essential for the normal formation of fingers and toes, is also capable of forming either cartilage or bone, although this ability is lost later in life. 52 The multipotential capability of fibroblasts in the mammalian central fibrous body is amply illustrated by the fact that the central fibrous body of the bovine heart normally contains an os cordis lying directly next to the normal AV node and His bundle.53 This is also true of other species such as water buffalo, sheep, older horses or cats, and certain breeds of dog.54 However, more relevant to the present review is the fact that cartilage is also occasionally found in the human central fibrous body.55 Given this multipotential capability of fibroblasts in the human central fibrous body, the likelihood of their having a morphogenetic or cell-differentiating influence on the neighboring myocytes of AV node and His bundle becomes even more plausible.
Whether considered alone or in conjunction with influence by the extracellular matrix, apoptosis is an equally attractive possibility for controlling this postnatal morphogenesis of the human AV node and His bundle. Collagen of the central fibrous body not only lies directly beneath the AV node ( Fig 4A) , but it completely surrounds the His bundle ( Fig 4B) ; however, the noninflammatory resorptive degeneration and "molding and shaping" of the His bundle takes place exclusively on its left side (Figs 5 and 6). I have previously suggested33,37 that this may be caused by the newly predominant mechanical stress on the left side of the central fibrous body, at a time when the newborn's heart must cope with a relative increase of left ventricular and aortic pressure (the left side of the central fibrous body), whereas in fetal life the two ventricular pressures on either side of the central fibrous body were essentially equal. This hypothesis may yet be true, but apoptosis must also be considered as a player in this scenario. The new pressure predominance on the left side of the central fibrous body, which commences shortly after birth, could even be the trigger by which apoptosis is engaged. Furthermore, if myocyte destruction were caused by some nonapoptotic process, one would anticipate that the resorptive degeneration would be associated with an inflammatory response. During normal molding and shaping of the AV node and His macrophages are present and appear effectively distributed to patrol these areas where apoptosis may be anticipated ( Fig SB) . Although I have not yet found an electron microscopic example of apoptosis in human AV node and His bundle, I have seen an example of apoptosis in the AV node of the bat (Fig 7) .
At present we must continue to consider at least three possible influences for postnatal morphogenesis of the human AV node and His bundle: apoptosis, extracellular matrix, and mechanical forces. How these may interplay and whether one or the other is the predominant factor remains to be determined. My suggestion is that apoptosis is the common denominator. But given the nature of normal biologic variability, in different species or at different times and under different conditions in the same species morphogenesis of the AV node and His bundle may sometimes be accomplished in quite different ways.
In whatever way the trimming and pruning of the AV node and His bundle may eventually be explained, the same process almost certainly applies to the numerous other AV connections that are normally eliminated in postnatal morphogenesis of the human heart. For example, the persisting seam of connecting myocytes sometimes found passing through the mitral annulus at the left side of the central fibrous body56-58 is virtually identical both in morphological appearance (Fig 8) and functional significance (Wolff-Parkinson-White syndrome) when found in the lateral AV groove (Fig 9) .59 Whatever process the heart uses to eliminate such anomalous connections in its postnatal morphogenesis is probably the same whether in the atrioventricular septal region or at the lateral atrioventricular groove areas.
Arrhythmias and Conduction Disturbances
Too many times paroxysmal arrhythmias cannot be explained clinically except in terms of associated rather than definitively causative mechanisms, and this is equally true of sudden unexpected death. For example, why do many patients with the long QT syndrome experience recurring bouts of syncope with documented ventricular arrhythmias, but only some die whereas the great majority survive? In these circumstances various independent transient events that may usually be benign by themselves could become detrimental or even fatal in combination. These transitory factors include changes in local vascular tone (coronary spasm), great emotional stress ("frightened to death"), or surges in reflex neural influence on the heart, which Lewis60 referred to as "autonomic storms." Given certain special characteristics of apoptosis, this must now also be considered as a possible contributing episodic factor, which is currently unpredictable. A case has already been made earlier in this review about the likelihood for apoptosis occurring in both the sinus node and AV junctional tissues of the human heart.
Because apoptosis may involve only one or a few cells, it is easy to miss even with electron microscopic examinations but especially with light microscopy, which, in any event, is too seldom used on the conduction system. Furthermore, the absence of inflammation with apoptosis deprives us of one of the "red flags" that signal an examiner to look for other changes in the heart. Addibundle, there are no ordinary leucocytes involved, but tionally, in experimental studies with cell culture or isolated tissues61 it has been demonstrated that cell death caused by apoptosis may begin and be completed within one or a few minutes. This dramatic speed and the currently unpredictable occurrence of apoptosis make it a prime suspect in cases of paroxysmal arrhythmia or sudden death that "remain unexplained despite careful (sic) necropsy examination." Arrhythmias As mentioned earlier, my colleagues and I were recently privileged to examine human sinus nodes that had been surgically excised as a novel form of treating patients in Russia with the long QT syndrome who had had numerous near-fatal bouts of syncope with documented ventricular arrhythmias.47After sinus node excision, a permanent pacemaker was implanted, and the combined procedure proved remarkably successful in eliminating further bouts of syncope.62 What may initially seem to be a drastic form of therapy does not in fact differ substantially from one current treatment already widely used, the combination of pharmacological f-receptor blockade and permanent electronic pacing.63,64 The Russian surgical approach may actually be less drastic when it is considered that one of the recognized complications of pacemaker therapy is unsatisfactory control of the sinus node and its subsequent interference, sometimes with erratic sinus rhythm.6566 Furthermore, large doses of f-receptor blocking therapy have their own attendant complications.
What surprised us in the electron micrographs of these sinus nodes, which had been fixed promptly after excision from otherwise normal human subjects, was the presence of typical examples of apoptosis among the nodal myocytes of every heart in the study (Fig 10) . Furthermore, focal fibrosis excessive for the sinus node was present in all cases, suggesting that previous bouts of apoptosis may have been responsible. That the sinus node of patients with the long QT syndrome (whether deaf or hearing normally) has usually exhibited focal noninflammatory degeneration (Fig 11) was previously demonstrated with light microscopy.48,67'68 Why others have failed to find focal degeneration in the sinus node of such patients69,70 is uncertain, although it may be noted that the lesions are small and possibly missed. Rare examples of such focal degeneration can be seen with the light microscope in human sinus nodes,47 but apoptosis is more readily defined with electron microscopic examination. Recent descriptions of genetic abnormalities among hereditary cases of the long QT syndrome71,72 could help explain the programming aspect of apoptosis in such cases.
Apoptosis in the AV junctional tissues has now been discussed as a salutary process favoring electrical stability, but either its excessive occurrence or its failure to able for reentry and production of reciprocating tachycardias. Much the same may be said of the paroxysmal arrhythmias of the Wolff-Parkinson-White syndrome (Figs 8 and 9 ). Accordingly, it is unsurprising that persistent fetal dispersion of the AV node and His bundle is associated with sudden unexpected death. 55, 58 Just as the normal postnatal severing or selective deletion of cells in these ectopic sites connections may prevent most people from suffering such paroxysmal arrhythmias, the delayed completion of this protective process until adolescence or even adulthood may explain the numerous examples of individuals who once had paroxysmal arrhythmias that later simply stopped. 73 
Heart Block
Previous discussion dealt with why and how normal postnatal morphogenesis of the AV node and His bundle promotes electrical safety in those crucial points of the conduction system. There is an opposite extreme in which the usual salutary process is overdone, resulting in complete interruption of the normal pathways of AV conduction. This has been illustrated as a develop-mental fault in young pug dogs that die suddenly74 but has also been demonstrated in an adult human subject who developed heart block and sudden death. 75 Explanation of this overdone process may plausibly be attributed to too much apoptosis but could also be an excessive example of influence from cells of the extracellular matrix46 or fibroblasts in the central fibrous body simply destroying too many of these crucial myocytes either directly or in conjunction with triggered apoptosis.
There are similar tantalizing puzzles concerning the heart block found in individuals with benign congenital polycystic tumors of the AV node. 76, 77 The degree of heart block may be high grade early in life or even from birth, with some level of AV junctional escape rhythm that is more effective in some patients than others. However, there are also numerous examples in which the heart block was incomplete for a long time, sometimes many years. Examples of survival with such tumors to the eighth decade of life before sudden death occurred suggest that the duration of survival as well as the speed at which complete AV block may come are both variable. One possible explanation is that some growth of the tumor, either by replication of tumor cells or by increasing intracellular retention of the secretions produced by the tumor, would eventually compress and damage the conduction system cells that typically are dispersed throughout the tumor. However, we must now add the consideration that apoptotic destruction of normal AV nodal cells may be triggered at some stage. This is particularly so in view of numerous studies that demonstrate the functional importance of apoptosis in oncogenesis generally and in determining the viability or regression of metastases. 14 
Other Cardiac Problems for Which Apoptosis Merits Consideration Hereditary Medial "Necrosis" of Small Coronary and Pulmonary Arteries
Many years ago Bredt78 proposed that the fundamental problem in the pathogenesis of primary pulmonary hypertension was the collapse of the tunica media of small pulmonary arteries followed by a compensatory proliferation of the endothelial cells of the tunica intima. In three human examples of typical primary pulmonary hypertension79 I found abundant foci of just this histopathologic pattern, ie, a thin or collapsed media with florid proliferation of endothelial cells to narrow the pulmonary arterial lumen (Fig 12) . However, what was a surprising additional finding -all three of these patients had died suddenly, as often happens in such cases -was noninflammatory degeneration of smooth muscle cells in the tunica media of the sinus node artery and AV node artery and their branches in all three hearts (Figs 13 and  14 ). Because the findings in these three cases included small arteries from both the pulmonary and systemic circulations, most theories as to how primary pulmonary hypertension developed are not applicable to both circu-lations. Similar noninflammatory medial degeneration is also present in arteries of the sinus node and AV node of patients with progressive muscular dystrophysO or Marfan's syndrome81 who died suddenly. Given the frequent familial occurrence of primary pulmonary hypertension, as well as progressive muscular dystrophy and Marfan's syndrome, I made the heuristic proposal that the fundamental fault could be a "hereditary medial necrosis," but I have now come to regret using the term "necrosis.'?
In the original descriptions,79 8 There has been a notable association between focal fibromuscular dysplastic narrowing of either the sinus node artery93 or AV node artery94 and human examples of sudden death. This association is not difficult to understand considering the probable effects of focal ischemia, including actual infarction,95 in these critical regions and the probable consequence of serious electrical instability of the heart.
How and why focal fibromuscular dysplasia of small arteries develops is not well understood, although there are several plausible hypotheses. 92 One special feature has been the virtual absence of any evidence of inflammation, although its occurrence as a remote earlier event cannot yet be excluded as an occasional important precursor step in pathogenesis. Both the absence of inflammation and the programmed selective nature of apoptosis give us an important new factor to suspect. A combination of focal apoptotic death of smooth muscle cells in the tunica media,4784 alone or in association with apoptotic death of endothelial cells,8283 would logically be followed by some form of compensatory repair, and the dysplastic mixture of fibroplasia and medial smooth muscle cell proliferation may well be the end result. Which and how many arterial sites would become involved is probably determined by the programmed triggering event or combination of events that produces apoptosis at that site.
Cardiomyopathy
Cardiomyopathy, a popular diagnosis that always obscures more than it reveals, nevertheless has several characteristic histological features. These prominently include widespread focal myocardial fibrosis and associated hypertrophy of surviving cardiac myocytes.96 In fact, focal noninflammatory degeneration (not necrosis) has been demonstrated as a feature of many forms of cardiac hypertrophy.97 There are at least two ways in which apoptosis might be responsible. Recent reports of molecular abnormalities among patients with cardiomy-opathy98 99 support this possibility. One mechanism could be apoptotic cell death of selected but spatially distributed cardiac myocytes. Extracellular ATP, as may occur after any death of a cardiac myocyte, may itself trigger apoptosis'°°and establish a vicious cycle of cellular destruction. The second mechanism could be apoptotic degeneration of either smooth muscle or endothelial cells of small arteries. Narrowing of small coronary arteries has long been recognized as a frequent accompaniment of unexplained examples of car- In some ways the general histological pattems of cardiomyopathy and focal fibromuscular dysplasia resemble each other. Both in the myocardium and its arteries, this could be simply an anticipatable consequence of the selective nature of apoptotic cell death. Those examples of cardiomyopathy that occur in association with known heritable diseases, such as Friedreich's ataxia,102 progressive muscular dystrophy,8 and Marfan's syndrome,8' also exhibit (in the same hearts) both focal noninflammatory medial degeneration'0 and foci of fibromuscular dysplasia among the small coronary arteries. 92 Finally, there is compelling evidence that viral myocarditis is very often a functionally important participant in the pathogenesis of cardiomyopathy.l1t4l105 This could represent independent coexistence with apoptosis, but there are new and intriguing examples in which several different viruses acted as triggers of apoptosis.106-110 This possibility in relation to the development of cardiomyopathy could explain many of the otherwise puzzling ways by which viral myocarditis does more than simply direct viral destruction of myocytes. A recent report emphasizing disparity between focal myocardial damage and absence of inflammatory response in cardiomyopathyll' could be interpreted as the consequence of apoptosis, although the authors did not make that connection.
Arrhythmogenic Right Ventricular Dysplasia
This unusual cardiological problem112'13 has several features that merit a consideration of apoptosis as an underlying factor in pathogenesis. In most cases there has been little evidence of local coronary disease or focal myocarditis. Although As in many of the preceding examples, apoptosis could be responsible for arrhythmogenic right ventricular dysplasia. First, "involution" of the right ventricular myocardium is a normal postnatal occurrence accompa-nying the diminution of right ventricular pressure once the baby's lungs are inflated and the ductus arteriosus closes. Although this could in part be accomplished by delayed or absent further growth of the right ventricle while the left ventricle naturally becomes progressively thicker and more powerful, it is tempting to suspect that active involution of the right ventricle may be a purposeful and programmed process, a function that is often mediated by apoptosis. If that is true, abnormally recurring or continued bouts of apoptosis could lead to replacement of destroyed myocardium with fatty dysplasia. The same apoptotic bouts could also cause a transient but potentially dangerous local increase of ventricular excitability of a type plausibly underlying the the absence of other compounding and accidentally coexisting factors, the rapidity of apoptosis may lessen its hazard as a lone factor. Persistence of an arrhythmia for more than the usual time course of apoptosis (some arrhythmias lasting hours or longer) means either that there would be recurring periods of apoptosis or that the arrhythmia could be sustained by some mechanism other than the one originating it. There are several examples of this in cardiac electrophysiology, and one which has been especially investigated is the difference between originating and perpetuating factors of atrial fibrillation.16
Apoptosis and Sudden Death Apoptosis and its unpredictable but rapid occurrence may play an important but previously unrecognized role in the pathogenesis of sudden death. In contrast to most examples of paroxysmal arrhythmias, which are usually not fatal and where postmortem examinations are fortunately infrequent, autopsy is usually done and often legally required in cases of sudden death. Here the frustrating factor has too often been "normal" cardiac findings. Some of this frustration may be attributed to the rarity of careful examination of the cardiac conduction system, an omission that experienced observers117 a. have advised will automatically make the autopsy interpretation incomplete.
Virtually all examples of sudden unexpected death have morphological abnormalities in the cardiac conduction system that may validly be interpreted as a basis for lethal cardiac electrical instability. However, how some of these abnormalities developed has remained obscure. At present, we are obliged to consider that apoptosis may be responsible, especially when the focal degeneration meets other morphological criteria for a diagnosis of apoptosis.
Apoptosis and Phagocytosis
One of the more remarkable features of apoptosis is the rapid scavenging of the intact apoptotic cell. It is engulfed by other cells so quickly that little opportunity for inflammation occurs, because the cell has not ruptured and released proteolytic or leucotactic contents. There are two aspects of this rapid phagocytosis that merit special comment. The first is how an appropriate signal is so soon transmitted to macrophages,118 and second, how does the dying apoptotic cell either alternatively or simultaneously signal neighboring like cells, as in the myocardium?47 Phagocytosis is not even a generally recognized function of cardiac myocytes under either normal or pathological conditions.
The speed and efficiency of phagocytosis of apoptotic cells is actually one of the most important features distinguishing it from necrosis, a process normally associated with widespread and generalized disintegration of cells and extensive evocation of inflammation. Most of the beneficial consequences of apoptosis in processes where it is known to participate, such as in morphogenesis or the mediation of certain hormonal or immunologic responses, would be seriously distorted or completely interdicted by any accompanying inflammation. The neatness of the whole process is impressive: a cell is in some way instructed or programmed to die, but it also tends to its own cleanup, thus evading the damaging effect on neighbor cells that is usually associated with cell death.
Future Directions
Almost every affliction of the heart can be considered to involve apoptosis, but its reliable recognition from morphological criteria will require either biopsy or cell culture because of the rapidity with which apoptosis occurs and is completed. With such tissue, electron microscopic examination is the more useful method for accurate recognition of an apoptotic cell. Indirect assessment may be made with light microscopy by using immunohistochemical procedures to identify certain protooncogenes and other substances known either to inhibit or promote apoptosis as one of their main functions. A recent elegant study combined biochemical and morphological methods to demonstrate apoptosis in reperfused myocardium of rat hearts."19 Of the myriad conditions inviting research about apoptosis perhaps the two most pressing in cardiology are atherosclerosis and the mechanisms of aging in the heart. Numerous local influences, such as platelet adhesion or endothelial dysfunction or focal infections (eg, by viruses), have been widely considered as precursors of atherosclerosis. Apoptosis must now be added to these, either acting alone or in conjunction with these other precursors. Similarly, apoptosis is known as a means for removal of senescent or superfluous cells in various organs, and this action almost certainly exists in the heart, where its probable participation in various aspects of aging warrants careful investigation.
Summary
Apoptosis and necrosis are two distinctly different forms of cell death, and both occur in the human heart. In contrast to necrosis, apoptosis is not associated with inflammation for two reasons. First, the apoptotic cell does not swell or rupture before it is engulfed by either a macrophage or even a neighboring like cell. Second, the phagocytosis occurs with unusual rapidity. Apoptosis, also thought of as cell suicide, is a tidy way of removing cells no longer useful, in essence a form of selective deletion. These features make apoptosis a valuable component of morphogenesis, mediation of hormonal and immunologic responses, and the homeostatic balance between hypertrophy and atrophy or involution. In the human heart apoptosis has been found in the sinus node of patients with the long QT syndrome. It most likely participates in the important postnatal morphogenesis of the sinus node, AV node, and His bundle. Apoptosis may also participate in the genesis and pathophysiology of cardiomyopathy, paroxysmal arrhythmias, or conduction disturbances (some of which may be responsible for sudden death), focal fibromuscular dysplasia of small coronary arteries, hereditary medial degeneration of the tunica media of coronary arteries, and arrhythmogenic right ventricular dysplasia. The possible role of apoptosis in numerous other changes in the human heart, among them the pathogenesis of atherosclerosis and mechanisms of aging in the myocardium, merits future investigation.
